Analysis of 16S rRNA sequences is a simple, commonly used method for the identification of microorganisms (1, 47, 53) . However, early studies performed with a limited number of isolates from the Bacillus cereus group revealed that the 16S rRNA sequences of species in this group had as high as a 99 to 100% similarity and, thus, suggested that rRNA sequences might not be useful for discrimination of members of that group (6) . However, that study examined only five isolates from the B. cereus group. The B. cereus group contains seven closely related species: Bacillus anthracis, B. cereus, Bacillus thuringiensis, Bacillus mycoides (16, 45, 51) , Bacillus pseudomycoides (38) , Bacillus weihenstephanensis (33) , and Bacillus medusa (15) . To date, identification and discrimination of these species has been based on analysis of morphological, biochemical, and immunological characteristics.
Although conserved in sequence overall, the 16S rRNAs actually exhibit great variation in some regions. These differences in 16S rRNA sequence provide the basis for the design of nucleic acid probes of various specificities, ranging from probes targeting all living organisms to group-specific and species-specific probes. Another advantage of using the rRNAs as a target is the fact that these molecules are naturally amplified within the cell. In general, rRNA represents about 80% of total nucleic acids in microbial cells and, thus, is present in many hundreds of thousands of copies per cell. This natural amplification allows for direct detection of rRNA sequences without the need for intermediate amplification via PCR (1) .
16S and 23S rRNA are currently considered the most useful molecules for the determination of prokaryotic phylogeny. Analysis of these rRNA sequences has resulted in a tremendous expansion in our knowledge of prokaryotic diversity and has demonstrated the limitations of the existing prokaryotic taxonomy, which is based primarily on the analysis of phenotypic traits (35) . Attempts have been made recently to address conflicts between molecular and phenotypic data, such as the work on the phylogenetically heterogeneous genus Pseudomonas (29) . Here we have conducted a similar analysis for the B. cereus group. We have investigated the molecular phylogeny of the B. cereus group by extensively analyzing a set of B. cereus group sequences in order to determine if the rRNA sequences contained enough variation to discriminate B. anthracis from other members of the B. cereus group.
Previous work has demonstrated that gyrB gene sequences may also be useful for discrimination of B. cereus group organisms (57) . Therefore, in addition to the rRNA analyses, we have also analyzed gyrB sequences for members of the B. cereus group and compared rRNA-based and gyrB-based phylogenies. Table 2 ). Two of the B. mycoides strains were isolated as an occasional admixture from a culture previously identified as B. mycoides strain ATCC 6462. These strains revealed different colony morphologies and were assigned different strain numbers: B. mycoides ATCC 6462m and B. mycoides ATCC 10206. B. thuringiensis strains 4R1, 4D1, 4F1, 4T1, 4W1, 4J4, 4A1, 4A7, 4Q1, 4Q2, and 4M1 were received as a generous gift from Dan Zeigler of the Bacillus Genetic Stock Center. B. cereus HER 1414 was acquired from the National Collection of Type Cultures (NCTC).
MATERIALS AND METHODS

Bacterial
Sequencing of 16S and 23S rRNA genes. Total DNA was isolated from frozen cell pellets using the guanidine extraction method as described previously (11) . 16S rDNA was amplified from total genomic DNA for 12 strains. The 23S rDNA was amplified for 10 of the 12 strains (B. anthracis strains 1 and 2 were excluded). For each amplification reaction mixture, 0.1 g of bacterial DNA was subjected to PCR in a total volume of 100 l, with 2.5 U of Taq polymerase (Perkin-Elmer, Boston, Mass.), 50 mM KCl, 10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl 2 , 0.01% (wt/vol) gelatin, a 200 M concentration of each deoxynucleoside triphosphate (dATP, dCTP, dGTP, and dTTP), and a 6 M concentration of each of two primers. The primers used for 16S rDNA and 23S rDNA amplification are listed in Table 1 . The thermal profile included denaturation at 94°C for 2 min, primer annealing at 45°C for 2 min, extension at 72°C for 2 min, and then 35 cycles of denaturation at 94°C for 15 s, primer annealing at 45°C for 15 s, and extension at 72°C for 4 min. DNA was purified using a QIAquick PCR purification kit (QIAGEN Inc., Valencia, Calif.), and purified PCR products were directly sequenced by the cycle sequencing method using AmpliTaq DNA polymerase FS (Perkin-Elmer), fluorescently labeled dye terminators, and 373A fluorescent sequencer (ABI, Perkin-Elmer). Sequencing primers are shown in Table 1 . Both strands of studied DNA fragments were sequenced twice for each strand.
Development of expanded sequence databases.
We retrieved 16S rRNA, 23S rRNA, and gyrB sequences for members of the B. cereus group from GenBank (www.ncbi.nlm.nih.gov). Twelve 16S rRNA and 10 23SrRNA sequences were determined in this study, including one B. anthracis strain (Sterne) resequenced by our laboratory (Table 1) . In this article, numbers are shown in all sequences in accordance with numbering in the B. anthracis Ames genome.
Creation of phylogenetic tree. The 16S, 23S rRNA, and gyrB sequence databases were used to create phylogenetic trees. Sequences of isolates with different names but representing the same strain, incomplete sequences, sequences containing a large number of mistakes, strain-specific variations, or undetermined nucleotides (particularly at the sites of subgroup-specific signatures) were excluded from consideration. For an accurate determination of species similarities, all 5Ј and 3Ј ends were cut to identical positions along the 16S rRNA, 23S rRNA, and gyrB genes at B. anthracis Ames bp 49 to 1462, 24 to 2779, and 381 to 1499, respectively. The sequences were aligned using the multiprocessor (version 1.81) of CLUSTAL W (http:www.cmbi.kun.nl/bioinf/tools/clustalw.shtml). Aligned sequences were analyzed using the Molecular Evolutionary Genetics Analysis package version 2.1 (31; http://www.megasoftware.net). Rooted and unrooted phylogenetic trees were built with minimum evolution, neighbor-joining, unweighted pair group method with averages (UPGMA), and maximum parsimony methods. During analysis of alignments with the minimum evolution method, gaps were considered missing data points, genetic distances were estimated using nucleotide/Jukes-Cantor (for rRNA) or nucleotide/p-distance (for gyrB) models, where all substitutions were included in pairwise distance calculations. A closeneighbor-interchange search was performed to examine the neighborhood of the neighbor-joining tree to find a potential minimum evolution tree. Bootstrap confidence values were generated using 1,000 permutations of the data set for 16S rRNA and gyrB and 100 permutations for 23S rRNA to derive the nucleotide sequence similarities. In the maximum parsimony method for 16S rRNA and gyrB, gaps in the analysis were treated as missing data points; for 23S rRNA, where insertion G(1218-1219) was considered as a subgroup-specific signature, P1  5Ј-GTT TGA TCC TGG CTC AG  11-27 (16S rRNA)  P10  5Ј-CCA GTC TTA TGG GCA GGT TAC  136-116 (16S rRNA)  P11  5Ј-TCC ATA AGT GAC AGC CGA AGC  226-206 (16S rRNA)  P5  5Ј-CTA CGG GAG GCA GCA GTG GG  340-360 (16S rRNA)  P3  5Ј-GWA TTA CCG CGG CKG CTG  535-517 (16S rRNA)  P2  5Ј-GGA TTA GAT ACC CTG GTA GT  784-803 (16S rRNA)  P6  5Ј-CCG TCA ATT CCT TTR AGT TT  926-907 (16S rRNA)  P8  5Ј-TTC GGG AGC AGA GTG ACA GGT  1029-1049 (16S rRNA)  P9  5Ј-TAC ACA CCG CCC GTC ACA CCA  1392-1412 (16S rRNA)  P4  5Ј-RGT GAG CTR TTA 5Ј-GYT TAG ATG CYT TC  2783-2770 (23S rRNA)   R1  5Ј-GGC GGC GTC CTA CTC TCA C  112-95 (5S rRNA) all sites were included for consideration. We utilized the close-neighbor-interchange algorithm to find the maximum parsimony tree. The random addition option with 10 replicates was used to produce the initial trees. In calculations of tree length, relative weights for different types of changes were specified uniformly using the standard parsimony method. In the both the neighbor-joining and UPGMA methods for gyrB, gaps were treated with the "complete deletion" option, genetic distances were estimated using the nucleotide/p-distance method in neighbor-joining analysis and nucleotide/Jukes-Cantor method for UPGMA, and bootstrap confidence values were generated using 1,000 permutations for both the neighbor-joining and UPGMA methods.
RESULTS
Sequencing of 16S and 23S rRNA genes of B. cereus group microorganisms. In this study we sequenced 12 16S rRNA and 10 23S rRNA genes (Tables 2 and 3 ). There are published sequences available (6, 7) for two of the microorganisms that we sequenced, B. medusa NCIMB10437 (ATCC 25621) and B. anthracis Sterne. We found a number of discrepancies between our sequences and these previously published sequences. The published 16S rRNA sequences of B. anthracis Sterne (6; GenBank accession no. X55059) and B. medusa NCIMB10437 (7; GenBank accession no. X60628) have a deletion of a C (position 942) in comparison with other strains of B. anthracis and B. medusa that were later sequenced ( Table 2) . We did not find this deletion in our resequencing of the 16S rRNA genes of B. anthracis Sterne (GenBank accession no. AF176321) and B. medusa ATCC 25621 (GenBank accession no. AF155958), or in the recent resequencing of this gene in B. anthracis Sterne by Ticknor et al. (50; GenBank accession no. AF290552). We also did not find this deletion in ours or The Institute for Genomic Research's sequencing of B. anthracis Ames (GenBank accession numbers AF267734, AE017024 to AE017026, and AE017039). We believe that the reported deletion was a compression artifact of sequencing this GC-rich region (56), i.e., GGGGCCG instead of GGGGCCCG. We suggest that the same compression artifact at the same site may also have compromised the 16S rRNA sequences of B. cereus NCDO1771, B. cereus NCTC 11143, B. mycoides DSM2048T, and B. thuringiensis NCIMB9134 (6, 7; GenBank accession numbers X55060 to X55063). For this reason, these deletions were not included in Table 2 .
In addition, our resequencing of the 16S rRNA gene for B. medusa ATCC 25621 did not reveal the C-to-T transition at position 192 (presence of T instead of C found in B. anthracis) or the A-to-G transversion at position 1383 previously reported for B. medusa NCIMB10437 16S rRNA (Table 2) .
We did not include in Table 2 the 108 inconsistencies found in the six 16S rRNA sequences mentioned above, which had been deposited in GenBank by Ash et al. (6, 7) . These were not supported by the resequencing of B. anthracis Sterne and B. medusa or in any other 16S rRNA sequences (Table 2) and probably represented systematic errors in sequencing which occurred when the base following T was incorrectly read as A, generally, instead of T or G.
We also found differences between the previously published 23S rRNA sequence of B. anthracis Sterne (5; GenBank accession no. S43426) and our resequencing of this isolate (GenBank accession no. AT267877). The differences that we found were the following: T instead of C at position 491, deletion of CG (1413, 1414), and T instead of C at position 2651. We also did not find these changes in any other 23S rRNA sequence in the B. cereus group, including B. anthracis Ames and B. anthracis Delta Ames (Table 3) . Therefore, we suggest that these differences in B. anthracis Sterne and also the same differences in B. cereus NCTC 11143 (GenBank accession no. X64646) are due to errors in the previously reported sequences (5).
We did not include in Table 3 Table 3) .
Comparison of 16S and 23S rRNA sequences in the B. cereus group. Our analyses indicated that in terms of known 16S and 23S rRNA sequences, B. anthracis was the most homogeneous species within the B. cereus group (Tables 2 and 3 ). This finding confirms PCR fingerprinting studies that demonstrated almost complete homogeneity of bulk DNA recovered from different strains of B. anthracis (2, 9, 14, 20, 21, 24-27, 30, 34, 39, 40, 43, 44, 48, 54) . Because of this homogeneity, we have used the B. anthracis 16S and 23S rRNA sequences as a reference for reporting differences among closely related bacteria within the B. cereus group ( Fig. 1 and 2 ; Tables 2 and 3) .
Analysis of our 16S rRNA sequences and sequences found in GenBank for the other B. cereus group organisms identified six characteristic regions which contained the majority of the positional sequence differences: position(s) 77 to 92, 133, 182 to 208, 286, 1015 to 1045, and 1462 ( Fig. 1 and Table 2 ). Because sequence variation in these regions can be used to divide the B. cereus group organisms into several large subgroups, we have termed the differences located within these regions subgroup-specific differences. The most common were C/A (1015) and C/T (192). A set of subgroup-specific differences that characterized a subgroup were called subgroupspecific signatures (Table 2 ). In addition, a number of other differences were observed, which we have termed strain-specific differences (Tables 2 and 3 ). Most of the strain-specific differences were unique to each strain and were located randomly along the 16S rRNA molecule, i.e., they did not occur within the same sites as the subgroup-specific differences. Based on our resequencing experience, it is possible that some of the strain-specific variants represented mistakes in sequencing.
It is necessary to stress that all of the different subgroupspecific differences were not equally important for subgroup identification. For example, 16S rRNA subgroup-specific differences C/T (182) and T/A (1462) were found in all microorganisms from the Cereus A subgroup. However, both of these alterations, as well as C/Y (192), sometimes appeared in Thuringiensis B isolates (B. thuringiensis 82347, Bacillus sp. strain AH540, Bacillus sp. strain AH533, Bacillus sp. strain Termite isolate bac, bromate-reducing bacterium B6, glacial ice bacterium SB100-8-1, unidentified bacterium V, and B. cereus AH527) ( Table 2 ). Alterations C/T (182) and C/Y (182) also were found in some Thuringiensis A microorganisms (Bacillus sp. strain KPU-0013, B. cereus ATCC 43881) ( Table 2 ). These findings suggested close relationships for the subgroups Thuringiensis A, Thuringiensis B, and Mycoides A. VOL. 42, 2004 BACILLUS CEREUS GROUP CLASSIFICATION 3713 Table 3 . j Not sequenced; assignment to subgroups Thuringiensis A or B was based on hybridization with subgroup-specific probes (S. Bavykin and J. Jackman, unpublished). k These four strains are identical and correspond to B. thuringiensis DSM2046; see the 23S rRNA sequence of this strain in Table 3 . l Not sequenced; subgroup-specific signatures A/G(77), T/C(90), and T/A(92) were identified by hybridization with subgroup-specific probes (18) . m Not sequenced; subgroup-specific signatures A/G(77), T/C(90), and T/A(92) were identified by hybridization with subgroup-specific probes (55) . n According to Bergey's Manual (45), these two strains of B. medusa should be identical. o Not sequenced; subgroup-specific signatures A/G(77), T/C(90), and T/A(92) were identified by hybridization with subgroup-specific probes (13) . p According to Bergey's Manual (45), these two strains of B. mycoides should be identical. q Subgroup-specific mutations, which are highlighted in bold, were identical for two or more subgroups and are shown on separate lines to demonstrate connections between different subgroups. s -, no strain-specific variations in this strain. . e Assigned to this subgroup in accordance with the 16S rRNA sequence (see Table 2 ). f Not sequenced; identified through hybridization analysis (see Results). g These three strains are identical and correspond to B. cereus IAM12605, B. cereus NCDO1771, B. cereus ATCC 11778, and B. cereus ATCC 14579; see 16S rRNA sequences of these strains in Table 2 .
h Not sequenced; subgroup-specific signatures A/G(77), T/C(90), and T/A(92) were identified by hybridization with subgroup-specific probes (S. Bavykin and J. Jackman, unpublished).
i These two strains are identical and correspond to B. thuringiensis IAM12077, B. thuringiensis NCIMB9134, B. thuringiensis ATCC 10792, and B. thuringiensis BT3; see 16S rRNA sequences of these strains in Table 2 . Y ϭ C or T; R ϭ G or A.
j See footnote q of Table 2 . k See footnote s of Table 2 .
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Analysis of the 23S rRNA sequences for the B. cereus group organisms revealed 12 regions within which the majority of the sequence variation occurred (Fig. 2 and Table 3 ). The differences within these regions were analogous to the subgroupspecific variants found in the 16S rRNA.
However, due to the limited number of 23S rRNA sequences in the database, it may be that not all of these differences are subgroup specific. Some of the regions which appear to contain subgroup-specific differences may actually contain strain-specific variations. For example, the Mycoides B subgroup signature contained five subgroup-specific differences in the 16S rRNA and nine subgroup-specific differences in 23S rRNA sequences that were not found in other subgroups (Fig.  2) . However, available rRNA sequences for the Mycoides B subgroup currently include only five strains for which 16S rRNA sequences have been determined and two strains for 23S rRNA sequences (Tables 2 and 3 ). Among them, B. mycoides ATCC 6462m and B. mycoides ATCC 10206 had identical 16S and 23S rRNA sequences ( Fig. 2 ; Tables 2 and 3) as well as 16S-23S rRNA spacers (GenBank accession numbers AF267905 and AF267906). However, they differed in colony morphology (see Materials and Methods). If additional members of the Mycoides B subgroup will be sequenced, we may find that some of the subgroup-specific differences are actually strain specific. Further work is needed to address this issue.
The most common subgroup-specific differences in 23S rRNA sequence occurred at positions 157 and 594 (Table 3 ; Fig. 2 ). The presence of these common variants among the subgroups supports a phylogenetic relationship among them.
Grouping of microorganisms in the B. cereus group according to 16S rRNA sequences. The B. cereus group can be divided into seven subgroups based on 16S rRNA sequence differences ( Table 2) . We have labeled each of these subgroups according to the name of the most common member of the subgroup: Anthracis, Cereus A and B, Thuringiensis A and B, and Mycoides A and B.
The following subgroups reflect the 16S rRNA sequence relationships (Table 2) . Subgroup Anthracis includes eight strains of B. anthracis. Most of the published 16S rRNA sequences in this subgroup contain a polymorphic site at position 1146 or 1147.
Subgroup Cereus A includes 17 members which do not contain any subgroup-specific sequence differences from the B. anthracis consensus but which were not identified as B. anthracis by conventional taxonomic methods. Ten of these 17 isolates do contain strain-specific sequence differences. (Tables 2  and 3) .
Subgroups Thuringiensis A and Thuringiensis B include, respectively, 15 and 42 strains of microorganisms which contain two and five subgroup-specific sequence differences, respectively, C/A (1015) and C/T (192) being shared among the two subgroups. These two subgroups include mainly B. cereus Ki21 and B. pseudomycoides sp. nov., which may have split off from the other three isolates in this subgroup rather early in their evolution, as they have a large number of strainspecific sequence differences ( Table 2) . The same groups containing the same microorganisms were identified in a rooted phylogenetic tree that was generated with the minimum evolution method using 16S rRNA sequences of the B. cereus group with Bacillus licheniformis strain GA8 (GenBank accession no. AY162136), Bacillus megaterium strain C1 (GenBank accession no. AJ491841), and B. megaterium strain KL-181 (GenBank accession no. AY030336) 16S rRNA sequences as an outgroup. This grouping was also completely and independently confirmed by reconstructing an unrooted 16S rRNA tree with the maximum parsimony method (Fig. 3A) .
Although the affiliations in the tree are consistent with those we defined earlier by signature analysis (Table 2 and Fig. 1 Grouping of microorganisms in the B. cereus group according to 23S rRNA sequences. For all microorganisms whose 23S rRNA genes were sequenced (Table 3) , 16S rRNA sequences were also available. This finding gave us a unique opportunity to confirm the division of the B. cereus group into seven subgroups that was done according to 16S rRNA sequences ( Fig.  1 and 3A ; Table 2 ). Unfortunately, there were no 23S rRNA sequences available for any of the organisms from subgroup Thuringiensis A. Analyzing 23S rRNA signatures obtained for six subgroups did not reveal any serious contradictions with the groupings based on 16S rRNA sequence analysis (compare data in Table 2 and Fig. 3A with Fig. 2 and Table 3 data). However, in contrast to 16S rRNA sequences, 23S rRNA sequences of isolates in the Anthracis subgroup revealed a set of variations that provided the possibility for differentiation of the Anthracis subgroup from all the other six subgroups (Table 3 ; Fig. 2) .
Subgroup Cereus A contains B. cereus ATCC 10987, B. thuringiensis B8, and B. cereus NCTC 11143 ( Table 2 ). The 23S rRNA sequences of these two organisms include subgroupspecific alterations at positions 594 and 1559 and an insertion G(1218-1219) ( Fig. 2; Table 3 ). The 23S rRNA sequence of B. cereus WSBC10030 was sequenced only partially ( Fig. 2 ; Table  3 ). It does not contain any differences that are specific for any other subgroups, but also it does not cover subgroup-specific sites for the Cereus A subgroup.
Subgroup Cereus B contains seven strains. We observed that 23S rRNA sequences of this subgroup contain three subgroupspecific differences at positions 594, 1559, and 2153 (Fig. 2) Fig. 2 ).
Subgroup Mycoides B includes only two microorganisms, B. mycoides ATCC 6462m and B. mycoides ATCC 10206. We found 23 specific differences in their 23S rRNA sequences (Table 3 ; Fig. 2) .
The subgroups described above were consistent with the 23S rRNA phylogenetic trees obtained by two independent methods where the minimum evolution tree was rooted using B. licheniformis strain DSM 13 (GenBank accession no. X68433) and Bacillus subtilis strain W168 (GenBank accession no. K00637) as an outgroup (Fig. 3B) . Phylogenetic analysis also revealed a division of B. cereus group bacteria into two clades which we called cluster I, which includes subgroups Anthracis, Cereus A, and Cereus B, and cluster II, which consists of subgroups Thuringiensis B, Mycoides A, and Mycoides B (Fig.  3B) . Thuringiensis A could not be placed in a cluster due to the lack of 23S rRNA sequences for any microorganisms which were members of this subgroup (based on their 16S rRNA sequences). We also found that microorganisms B. cereus biovar toyoi and B. cereus 14893, which according to their 16S and (Table 2) ; b, whole-genome sequences are available (Table 3) Table 3 ). Therefore, the division of the B. cereus group members into the specified subgroups was supported by both the 16S and 23S rRNA sequence analyses.
Subgroup identification through hybridization. Recently, two 16S rRNA probes containing A/G (77), T/C (90), and T/A (92) differences were described as a tool for discrimination of B. thuringiensis from B. cereus (18) . In this study, we demonstrated that this signature is sufficient only for identification of bacteria included in the Thuringiensis B group ( Fig. 1 ; Table  2 ). Using these probes, this signature was found in B. thuringiensis strains 9308, 20, Lb5, 1230, and L3 (18), in B. thuringiensis serotypes Galleriae and Israelensis (55) ( Table 4 ), in B. cereus strains Nagoya 126 and 127 (55) , and in B. thuringiensis strains BT3, BT13, BT15, BT16, BTT6, and BTT8 (13) . We included all these microorganisms in the Thuringiensis B subgroup (Table 2) .
We also included for consideration ( Fig. 2 ; Tables 2 and 3 ) isolates B. cereus HER1414 and two sets of B. thuringiensis strains, B. thuringiensis strains 4R1, 4D1, 4F1, 4S2, 4T1, 4W1, and 4J4 and B. thuringiensis strains 4A1, 4A7, 4Q1, 4Q2, and 4M1, whose 16S and 23S rRNA sequences have not yet been sequenced. According to hybridization experiments of rRNA isolated from these bacteria with oligonucleotide probes specific to all described 16S rRNA subgroup-specific signatures ( Fig. 1; Table 2 ), these strains were identified as belonging to subgroups Cereus A, Thuringiensis A, and Thuringiensis B, respectively. 23S rRNA signatures identified in these microorganisms after hybridization with probes specific to regions 3, 9, 10, and 12 are shown on Fig. 2 (S. Bavykin and J. Jackman, unpublished data).
Grouping of microorganisms in the B. cereus group according to gyrB gene sequences. Recently, a set of parallel 16S rRNA and partial (more then 60% of the whole gene length) gyrB sequences for B. cereus group isolates was placed in GenBank. We classified these microorganisms (Table 4) according to subgroup-specific signatures found for 16S rRNA sequences ( Fig. 1 and Table 2 ). Additional information about the 23S rRNA obtained from whole-genome sequences of B. cereus ATCC 10987 made it possible to identify this organism as belonging to the Cereus A subgroup ( Fig. 2; Table 3 ) and, therefore, to differentiate it from bacteria of the Anthracis are not yet published, we identified these microorganisms as belonging to the Anthracis or Cereus A subgroups. The absence of 98 and 139 nucleotides in the beginning of the 16S rRNA sequences for isolates Bacillus sp. strain SAFN-003 and Bacillus sp. strain 83-3C, respectively, led us to identify these organisms as belonging to the Thuringiensis A or Thuringiensis B subgroups. Finally, among 30 microorganisms for which both 16S RNA and gyrB gene sequences were published, we identified members of six of the seven subgroups, identified using rRNA sequences (Tables 2 and 3 and Fig. 1 to 3) . Unfortunately, there were no gyrB sequences available in GenBank for any members of the Mycoides B subgroup. The same groups containing the same microorganisms were identified in rooted and unrooted phylogenetic trees that were generated with minimum evolution (compare Table 4 and Fig.  4) , neighbor-joining, UPGMA, and maximum parsimony methods with the gyrB sequences of B. cereus group organisms and the Bacillus pumilis strain KL-052 gyrB sequence (GenBank accession no. AY167878) as an outgroup. All four trees revealed completely identical branching patterns (data not shown) with high bootstrapping values from all four methods for five of six subgroups (Fig. 4) . The subgroups in all four trees were organized into two clusters, as was observed for the 23S rRNA tree (Fig. 3B) . Cluster I contained subgroups Anthrax, Cereus A, and Cereus B, and Cluster II included subgroups Thuringiensis B and Mycoides A. Additionally, the Thuringiensis A subgroup was located in cluster I of the gyrB tree, but it was not completely separated from subgroup Cereus B. Unfortunately, as was mentioned above, there are no 23S rRNA sequences for Thuringiensis A subgroup organisms available.
Subgroups Anthracis and Cereus A were identified in the gyrB phylogenetic trees (Fig. 4) in accordance with the presence in these subgroups of B. anthracis AMES and B. cereus ATCC 10987, whose correspondence to subgroups Anthracis and Cereus A, respectively, were confirmed through independent grouping of 16S rRNA and 23S rRNA sequences (Tables  2 to 4 ). The presence of B. anthracis Pasteur 2 and B. anthracis Ames at the same subgroup (Fig. 4 ) also confirms this identification. Isolates Bacillus sp. strain SAFN-003 and Bacillus sp. strain 83-3C were found in the gyrB phylogenetic tree in subgroup Thuringiensis B (Fig. 4) . 
16S
rRNA gyrB gyrB as a phylogenetic marker for subgroup identification in the B. cereus group. In accordance with our 16S rRNA analysis, we aligned gyrB sequences for 31 B. cereus group isolates. Analysis of the gyrB alignment resulted in identification of 93 unique subgroup-specific differences (Fig. 5) . As shown in Table 5, we defined these differences for each subgroup as subgroup-specific signatures. Because the number of members of each subgroup was not statistically large enough, we defined subgroup-specific signatures according to the rule that all members of the subgroup should contain all of the selected subgroup-specific differences. In total, we identified 15 unique subgroup-specific gyrB differences for the Anthracis subgroup (Table 5 ) which were absent from the other five subgroups (Fig. 5) . For subgroups Cereus A, Thuringiensis B, and Mycoides A, we identified 12, 13, and 32 unique subgroup-specific differences, respectively (Table 5 ). For subgroups Cereus B and Thuringiensis A, we did not find significant differences in the gyrB sequences. For this reason, we defined one set of signatures for these two subgroups (Table 5) .
We also found that isolates B. sp. SAFN-003 and B. sp.
83-3C, which were found in the Thuringiensis B subgroup in the gyrB phylogenetic tree, included all 13 subgroup-specific differences (Fig. 5 ) that were present in subgroup Thuringiensis B (Table 5 ). This confirmed that these two isolates belonged in the Thuringiensis B subgroup.
DISCUSSION
Identification of subgroups in the B. cereus group. Based on analysis of the 16S rRNA sequence alignments, we divided the B. cereus group into the seven above-mentioned subgroups, each containing microorganisms with similar 16S rRNA gene sequences. The strains within each subgroup include all or most of the alterations specific for that subgroup ( Fig. 1 and Table 2 ).
Some of the 16S rRNA subgroup-specific differences, indicated in Table 2 , have already been used by other researchers for identification of certain Bacillus sp. (18, 33, 41) , but a systematic analysis of all B. cereus group microorganisms in accordance with their 16S and 23S rRNA sequences had not been done before. (Table 4 ) and are displayed with bold on the right sides of the brackets. Subgroup identities of the microorganisms, whose names appear in bold, were confirmed by their 23S rRNA sequences. The phylogenetic tree was constructed by the minimum evolution method. Bootstrap volumes are reported on the branches. Numerals indicated in the quadrant parentheses designate the bootstrap volumes for each subgroup. Phylogenetic trees obtained by neighbor-joining, UPGMA, and maximum parsimony methods gave identical branching patterns. Bootstrap numbers for these three methods are presented in round parentheses. Bar indicates scale of genetic distances.
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We have also sequenced the 23S rRNA gene for a selected set of members of the B. cereus group. During 23S rRNA sequence alignment analysis of these and GenBank sequences, we did not find any conflicts between subgroupings based on 16S rRNA and subgroupings based on 23S rRNA (Tables 2  and 3 and Fig. 1 and 2 ). We also found that isolates from subgroup Cereus A, which have the same 16S rRNA sequence as B. anthracis Sterne (Fig. 1 and Table 2 group-specific changes in the 23S rRNA sequence in comparison with B. anthracis Sterne (Fig. 2 and Table 3 ). Our study demonstrated that members of subgroups Anthracis and Cereus A may not be differentiated according to their 16S rRNA subgroup-specific signatures ( Fig. 1 ; Table 2 ). However, we have demonstrated that B. cereus ATCC 10987, B. cereus NCTC 11143, B. thuringiensis B8, and B. cereus HER1414, which belong to the Cereus A subgroup, may be differentiated from members of subgroup Anthracis by using the 23S rRNA subgroup-specific changes Y/C(594), G/A(1559), and insertion G(1218-1219), in combination with 16S rRNA-targeted probes ( Fig. 1 and 2 ; Tables 2 and 3 ). Strain-specific variations also may be used for these purposes (Tables 2 and 3 ). At the same time, because we do not have 23S rRNA sequences for most members of Cereus A subgroup we are not excluding the possibility that some nonpathogenic strains of B. anthracis, which have transcriptionally inactive toxin genes or which have lost their virulence plasmids (52), may be found besides the isolates that were placed in subgroup Cereus A according to their 16S rRNA sequences (Table 2) . Phylogenetic analysis of 16S rRNA sequences with two independent methods, minimum evolution and maximum parsimony, confirmed the presence of subgroups Mycoides A and B, Thuringiensis A and B, Cereus B, and joint subgroup Anthracis-Cereus A in the B. cereus group (Fig. 3A) . Both methods generated subgroups with identical microbial content, which corresponded to the results of 16S and 23S rRNA alignment analyses (Tables 2 and 3 and Fig. 1 and 2 ). Low bootstrapping volumes for Anthracis-Cereus A (41%) and Cereus B (34%) subgroups obtained with the minimum evolution method reflect an absence of subgroup-specific differences between subgroups Anthracis and Cereus A and a strongly reproducible but small (one base only) difference between joint subgroup Anthracis-Cereus A and subgroup Cereus B in their 16S rRNA sequences ( Table 2 ; Fig. 1 ). However, grouping of 16S rRNA sequences obtained with the maximum parsimony method strongly confirmed the data from the minimum evolution analysis (Fig. 3A) .
In the rooted minimum evolution phylogenetic tree generated for 23S rRNA sequences of the B. cereus group, we found more significant differentiation of the Anthracis, Cereus A, Cereus B, Thuringiensis B, Mycoides A, and Mycoides B subgroups (Fig. 3B) according to their bootstrapping volumes because of the presence in these subgroups of a considerable amount of subgroup-specific changes in the 23S rRNA signatures (Table 3 and Fig. 2) . The unrooted 23S rRNA phylogenetic tree obtained with the maximum parsimony method strongly confirmed this grouping (Fig. 3A and B) . A rooted 23S rRNA tree also indicated that the B. cereus group divided into two clades, cluster I and cluster II, which included subgroups Anthracis, Cereus A, and Cereus B and Thuringiensis B, Mycoides A, and Mycoides B, respectively (Fig. 3B) . The existence of microorganisms that sometimes shared their subgroup-specific alterations in 16S rRNA signatures between subgroups Thuringiensis B and Mycoides A (B. thuringiensis 82347, Bacillus sp. strain AH540, Bacillus sp. strain AH533, Bacillus sp. strain Termite isolate bac, bromate-reducing bacterium B6, glacial ice bacterium SB100-8-1, unidentified bacterium V, and B. cereus AH527) ( Table 2 ), bacteria that shared some of their changes in 23S rRNA signatures between the Thuringiensis B and Mycoides A and B subgroups (B. cereus biovar toyoi and B. cereus 14893), and isolate B. cereus Tim-r01 (subgroup Cereus B), which shares a G(1218-1219) insertion in its 23S rRNA sequence with Cereus A subgroup (Table 3 and Fig. 2 ) confirm the division of the B. cereus group into these two clusters.
Comparative analysis of rRNA and gyrB sequences demonstrated excellent correlation for the grouping of bacteria from the B. cereus group. The single-copy gyrB gene is rather well conserved; however, for the B. cereus group, it displayed more nucleotide variations than the rRNA genes. The relatively high degree of variation in gyrB sequences probably explains the fact that analysis of gyrB sequences by four different methods (minimum evolution, neighbor-joining, UPGMA, and maximum parsimony [ Fig. 4] ) produced identical branching patterns (data not shown) and was supported with higher bootstrapping values than those obtained for rRNA analysis (Fig. 3) . The rooted phylogenetic gyrB trees (Fig. 4) also showed the same organization of subgroups into two clusters that was found with the 23S rRNA phylogenetic analysis (Fig. 3B) . At the same time, questions remain about the nature of isolates Bacillus sp. strains H-05, H-06, H-07, and H-17. Further investigation should be performed to clarify whether these microorganisms might represent strains of B. anthracis that have lost their virulence.
In summary, the existence of seven subgroups within the B. cereus group was confirmed by six independent methods: 16S rRNA, 23S rRNA, and gyrB sequence alignment analysis (Fig.  1, 2 , and 5; Tables 2, 3 , and 5) and phylogenetic analysis of all three sets of these sequences ( Fig. 3 and 4) .
In total we analyzed 183 16S and 74 23S rRNA sequences for 155 strains of B. cereus group bacteria, including 50 Bacillus isolates of unknown species and nine isolates of unknown genus (Tables 2 and 3 ). Identification of some unidentified microorganisms as members of the B. cereus group brought some interesting information. Particularly, we found that among B. cereus group bacteria there exist bromate-reducing (Bacillus sp. strain B6) and sulfur-degrading (Bacillus sp. strain KPU-0013) microorganisms. Some of the B. cereus group isolates were found in Cold Desert, India (Bacillus sp. strain Kaza-31 and Bacillus sp. strain Kaza-37), as intestinal symbionts (Bacillus sp. strain JJ-1, unidentified bacterium V, and unidentified bacterium sp6 [bovine rumen isolate]), on the surface of strawberry plants (Bacillus sp. strain Fa7), and even in the deepest sea mud of the Mariana Trench (unidentified bacterium HTA484). We also recognized that subgroup Cereus B was organized not later then 500,000 years ago, because glacial ice bacterium G500K-2 that belongs to this subgroup was isolated from more-than-500,000-year-old glacial ice from Gulia, China (Table 2 ; Fig. 3A) .
Taxonomy of the B. cereus group. Recent studies demonstrated that the species B. cereus, B. thuringiensis, and B. mycoides represent genetically heterogeneous groups of microorganisms (12-14, 21-23, 28, 40, 50, 55) which, according to their rRNA sequences, comprise a group of close relatives (5-7) (Tables 2 and 3; Fig. 1 and 2 ). These findings resulted in several suggestions to consider B. cereus and B. thuringiensis (8, 12, 58) , or these two bacteria together with B. anthracis (14, 21) , as one species. Results of our analysis of 16S and 23S rRNA sequences also show disagreement with the current tax- (Tables 2 and 3 and Fig. 3) . Thus, the discrimination of B. cereus from B. thuringiensis is a difficult task by any method, and the fact that they have grouped together in our analysis ( Fig. 1 to 3 ; Tables 2 and 3 ) and in other recent studies (12-14, 21-23, 28, 40, 50, 55) is not surprising.
At the same time, we do not exclude that after resequencing their 16S rRNAs some B. thuringiensis strains may be moved from subgroup Cereus B to subgroup Thuringiensis A, which differ from each other by only one subgroup-specific signature, C/T (192) ( Table 2 ). For B. mycoides, sporadic loss of the ability to form rhizoid colonies has been observed in several strains (45) , indicating an instability of morphology in this species. In this case, B. mycoides becomes morphologically similar to B. cereus. Bacterial isolates can also undergo physiological changes after the loss or acquisition of plasmids coding for toxins, sporulation, or antibiotic resistance (48) . Therefore, flexible colony morphology may be a reason why strains of B. mycoides and B. cereus are present together in subgroups Mycoides A and Mycoides B (Tables 2 and 3 and Fig. 2 and 3) . Therefore, the current division of the B. cereus group into seven species (B. anthracis, B. cereus, B. thuringiensis, B. mycoides, B. pseudomycoides, B. weihenstephanensis, and B. medusa) seems to be insolvent from genomic as well as phenotypic points of view.
Demonstrating that 16S rRNA and 23S rRNA sequences independently confirm separation of the B. cereus group into seven distinct subgroups, we tried to find additional confirmation for this division among other genomic sequences and morpho-physiological evidence. The Anthracis subgroup can be taken as an example. This subgroup is represented by one species only, B. anthracis, which is distinguishable from members of other subgroups based on its plasmid content and ability to induce anthrax (36, 42, 49, 51, 52) .
We found some unique properties of subgroup Thuringiensis B in the literature. Two recent studies (13, 55) exploited differences in the gyrB gene as well as a 16S rRNA signature of A/G (77), T/C (90), and T/A (92) (unique for the Thuringiensis B subgroup in our classification) for discrimination of B. cereus and B. thuringiensis. Both studies demonstrated a good correlation between these two parameters but not with the current nomenclature, which is based on phenotypic characterization. We also analyzed gyrB sequences for a set of 30 B. cereus group isolates for which both 16S rRNA and gyrB gene sequences were deposited recently in GenBank (Table 4) . This provided the unique possibility to identify a number of strong phylogenetic markers represented by gyrB subgroup-specific signatures (Table 5 ) for most of the described subgroups (Tables 2 and 3 ; Fig. 3 and 4) . Each signature contained between 12 and 32 unique subgroup-specific differences and strongly differentiated its own subgroup from all others, with the exception of subgroups Cereus B and Thuringiensis A (Table 5) . Because gyrB sequences were available for only two members of subgroup Thuringiensis A (Table 4 ; Fig. 4 ) and because the published gyrB sequences represent only about 65% of the whole length of the gyrB gene, we are unable to draw a final conclusion about the relationship between subgroups Cereus B and Thuringiensis A. However, if more-thorough sequencing of 23S rRNA, gyrB, and other genes does not reveal more differences between subgroups Cereus B and Thuringiensis A, this would suggest that subgroup Thuringiensis A should not be considered as a separate subgroup but should instead be characterized as a variation of subgroup Cereus B. At the same time, the 15 subgroup-specific differences found in the gyrB gene for subgroup Anthracis and the 12 differences observed for subgroup Cereus A provide us numerous possibilities forthuringiensis WS2618, and B. thuringiensis WS2626 (41) (38) and is therefore a mesophilic strain. Summarizing the above results, we can stress that currently we did not find any mesophilic representatives in the Mycoides A subgroup, nor did we find any psychrotolerant strains outside of this subgroup.
Experience with thousands of strains from several hundred species led taxonomists to conclude that 70% or higher DNA-DNA relatedness with 5% or less divergence within related sequences, together with 97% or higher 16S rRNA sequence similarity, is the best means of defining a species (10). Our findings indicated that 16S rRNA of B. cereus from subgroup Cereus B may differ from that of B. thuringiensis from subgroup Thuringiensis A in one base only (Table 2 ). Even B. cereus from the Mycoides A subgroup may have only nine substitutions (equivalent to 0.6% of 16S rRNA) in comparison with B. thuringiensis from Thuringiensis A subgroup (Table 2) , in spite of a great difference between representatives of these two subgroups in phenetic (46) relationship that includes differences both in genotype and in phenotype. However, we found B. cereus strains in six of the seven subgroups and B. thuringiensis in three of the subgroups, whereas members of the different subgroups are considerably different both in phenotype and in rRNA sequences. For example, B. cereus strains are present in Thuringiensis A and B as well as in Mycoides A and B subgroups. At the same time, DNA-DNA relatedness between B. thuringiensis and B. cereus may range from 54.3 to 96.4% (33) , with divergence inside of these two species of up to 45% (33, 37) . In these terms, unification of all strains of B. cereus with all strains of B. thuringiensis, even without B. anthracis, as one species is rather questionable. Apparently, this is a case when only polyphasic (consensus) taxonomy (10) , which integrates all available data, may provide the best opportunity to find the right solution.
The results of this work demonstrated the potential for the use of 16S rRNA, 23S rRNA, and gyrB gene sequences for identification of the members of the B. cereus group and, especially, differentiation of B. anthracis from other relatives, something which has for a long time been considered impossible by using rRNA sequences (5-7). Further work is needed to determine how the differences in rRNA genes, which have been revealed in our study, relate to differences in phenotypic traits and to determine what kind of revisions are necessary in the taxonomy of the B. cereus group.
